-Fe 2 O 3 nanocrystallines were prepared by direct transformation via high energy ball milling treatment for -FeOOH powder. Xray diffraction, Rietveld analysis, TEM, and vibrating sample magnetometer (VSM) are used to characterize the samples obtained after several milling times. Phase identification using Rietveld analysis showed that the goethite is transformed to hematite nanocrystalline after 40 hours of milling. HRTEM confirm that the obtained phase is mostly a single-crystal structure. This result suggested that the mechanochemical reaction is an efficient way to prepare some iron oxides nanocrystallines from raw materials which are abundant in the nature. The mechanism of the formation of hematite is discussed in text.
Introduction
Iron oxides nanocrystalline powders have attracted increasing attention due to their immense technological potential [1] [2] [3] [4] . Among the magnetic nanoparticles, hematite has attracted great attention due to its unique characteristics, such as superparamagnetism, high saturation fields, and extra anisotropy contributions, which arise from the effects of finite size and large surface area. Such characteristics allow the potential applications of the hematite nanoparticles into many areas such as magnetism, catalysis, electrochemistry, and biotechnology [5] [6] [7] . Various methods have been developed for the synthesis of Fe 2 O 3 nanoparticles such as microwaves [8] , sol-gel method [9] , forced hydrolysis [10] , and hydrothermal reaction [11] . However, this kind of method has several problems, including high levels of complexity, and has environmentally unfriendly conditions, such as high temperature, reagents, or high pH.
High energy ball milling turns to be the mostly used to prepare nanocrystalline of a variety of materials due to its simplicity, being environmentally friendly, low cost, and its ability to produce large volumes necessary for industrial applications. Several groups studied the production of hematite nanocrystallines from other iron oxides such as -Fe 2 O 3 [12] and crude -Fe 2 O 3 [13] . To the best of our knowledge, there are only few works dedicated to the production of hematite or magnetite nanocrystalline from goethite ( -FeOOH) powders, which is by far the most common oxyhydroxide present in soils [14, 15] . Wang and coworkers obtained hematite nanocrystallines after 90 h dry milling of goethite with crystallite size of 18 nm [15] .
In this paper, the production of hematite nanocrystallines (Fe 2 O 3 ) from goethite ( -FeOOH) in shorter time than the one published in the literature is investigated. The obtained nanocrystalline will be characterized by XRD, Rietveld analysis, TEM, and VSM measurements. Also the reaction mechanism will be discussed.
Experimental
Commercial powder of goethite ( -FeOOH) was used as the starting material. The powder was introduced into a stainless steel vial with stainless steel balls (12 mm and 6 mm in diameter) in a SPEX 8000 mixer mill. Different milling times were considered (2, 5, 10 , and 40 h) and the balls to powder mass ratio was fixed to 10 : 1.
Structural characterization was performed using Rigaku Ultima IV high resolution X-ray diffractometer equipped with Cu-K radiation ( = 1.5418Å). Rietveld analysis was performed using PDXL program provided with the diffractometer to identify the phases and determine the lattice parameters and the crystallite size. Particles size and shape are determined by transmission electron microscopy (TEM) by using JEOL (JEM-2100F) electron operated at 200 keV. Magnetic measurements were performed at room temperature using a PMC MicroMag 3900 model vibrating sample magnetometer (VSM) equipped with 1 Tesla magnet. Figure 1 shows XRD patterns for initial powder as received and milled for several milling times. The patterns of unmilled goethite powder show a series of strong and narrow peaks characteristic for high quality crystals. The diffraction peaks become very broad and their relative intensity decreases with increasing milling times. This is mainly due to crystallite size reduction and accumulation of microstrain during mechanical milling. It can be seen that after 40 hours some peaks of the initial powder disappeared and a new peak appeared. This result can be explained by the transformation of goethite under milling to another phase. By comparing the X-ray diffraction patterns of the sample milled for 40 h and the patterns of Fe 2 O 3 powders in Figure 2 , we can conclude that, after 40 hours of milling, the XRD patterns show reflexions that correspond to an inverse spinel structure, which could be either magnetite (Fe 3 O 4 ) or hematite ( -Fe 2 O 3 ); due to their structural similarities, it is difficult to differentiate between both phases from the XRD patterns.
Results and Discussion
Quantitative phase analyses using the Rietveld method have been performed based on the XRD data to distinguish between the two iron phases. An example of pattern fitting using the sample milled for 40 hours is shown in Figure 3 . Table 1 
Wang and Jiang [15] obtained similar results and proposed a mechanism based on the dehydration and transformation of -FeOOH during the ball milling. But the mechanochemical reaction mechanisms remain unclear and more investigation is needed.
TEM and HRTEM image of the milled sample for 40 hours are shown in Figure 3 . It can be seen that the crystallite size is the nanometric size which is in agreement with the crystallite size deduced from XRD (Figure 4(a) ). The HRTEM image (Figure 4(b) ) indicates that the milled sample for 40 hours has a single-crystal structure.
Hysteresis M-H loop measurements performed at room temperature, shown in Figure 5 , have been carried out on as received powder as well as milled powder for several times. The values of different magnetic parameters are reported in Table 2 . I. It can be seen that the unmilled sample has a paramagnetic behavior. For increasing milling time, the samples exhibit ferromagnetic behavior with weak saturation magnetization value of 6.7 emu/g for the sample milled at 40 hours. It is important to notice that the magnetic parameters are affected by the milling time, which may be due to different phases obtained during the milling process. For example, Rietveld analysis showed that there are three phases in the sample milled for 10 hours, namely, -Fe 2 O 3 , -Fe(OH), and Fe. For increasing milling time, the phase -Fe(OH) disappears and the sample is composed mostly of -Fe 2 O 3 with small amount of Fe and that may explain the decrease of the saturation of magnetization. 
Conclusion
-Fe 2 O 3 nanocrystalline was successfully prepared by highenergy ball milling of goethite ( -FeOOH) powder after 40 hours of milling. The mechanochemical effect induced by high energy ball milling induced dehydration and transformation of goethite to hematite. This work shows that this method is environmentally friendly and shows easy processes to produce hematite nanocrystalline form goethite which is by far the most common oxyhydroxide present in soils.
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